Introduction
In aquatic systems, sediment transport plays a significant role in the function and mor-18 phology of hydraulic structures [Robbins and Simon, 1983; Bennett et al., 2008 ; García, averaged velocity. In our experiments, U 2 gH < 5%, so that we neglect the non-uniformity 107 term in the x-momentum equation. Assuming that the average bed-normal( w ) and 108 lateral ( v ) velocity are much smaller than the stream-wise velocity ( u ), and that the 109 flow is steady ( ∂ u i ∂t = 0), the stream-wise momentum equation can be simplified to Eq.4.
Here s b is the bed slope with respect to a horizontal plane. The vegetative drag D x can 112 be represented by a quadratic law [e.g., Nepf , 2012a]:
Here a is the frontal area per canopy unit volume, φ is the solid volume fraction, and C D 115 is the drag coefficient. For cylindrical stems, φ = (π/4)ad. Assuming hydrostatic pressure 116 and small bed slope, the pressure gradient can be approximated as ∂ p
where s s is the water surface slope with respect to a horizontal plane. The fluid shear 118 stresses (τ disp ij ,τ Rey ij ,τ vis ij ) go to zero at the water surface (z = Z s ), so that a vertical 119 integration of Eq. 4 from water surface Z s to any position z < Z s yields,
Here the potential gradient s is equal to the surface slope s s . The left-hand side of Eq. 6 122 shows the partitioning of total flow resistance into the fluid shear stresses (first term) and [Raupach and Shaw , 1982] . The no-slip condition at a smooth impermeable bed requires 126 τ Rey xz | z=0 = τ disp xz | z=0 = 0, so that the spatially-averaged bed shear stress is simply
The effective friction velocity in 128 a heterogeneous flow field can be defined as:
As the Reynolds stress is zero at the bed, τ b = ρU 2 * = τ vis xz | z=0 = ρgsH, so that the bed 140 shear stress can be estimated from the potential gradient s = s s , which for uniform flow is 141 also the bed slope (s b ). Alternatively, U * can be estimated by fitting the measured total 142 stress to the theoretical linear distribution of total stress,
to fit the measured velocity to the analytical velocity profile called the Law of the Wall 147 [Kundu and Cohen, 2008; Nezu and Nakagawa, 1993] :
Here κ, the von Karman constant, is 0.41. This law is linear in the near-bed region 150 (Z + ≤ 5) and logarithmic above (Z + ≥ 30). A buffer layer exists between these two 151 regions, i.e. 5 ≤ Z + ≤ 30, which is not described by the Law of the Wall.
152
Within a thin inner layer (Z + ≤ 5), the Law of the Wall assumes that the viscous stress 153 is constant, which is associated with a linear velocity profile (first line of Eq.8). In contrast 154 to this, if we assume that the Reynolds stress is negligible close to the bed, Eq.7 reduces 155 to (τ vis xz ) | z = ρgs(H − z), indicating that the viscous stress varies linearly with z close to 156 the bed, resulting in a near-bed velocity profile that is parabolic. We define the height (Z H v ), the linear velocity distribution proposed in the Law of the Wall is a good 161 approximation to the parabolic velocity distribution.
162
The linear viscous stress distribution and the associated parabolic velocity profile can 163 be expressed as:
uniform, such that τ vis = ρν ∂u ∂z = 0. We therefore propose the following model for the 184 distribution of viscous stress in regions at least one diameter away from the stems inside 185 an emergent canopy:
The following velocity distribution is consistent with (11) and a no-slip condition at the 188 bed:
Denoting the local time-averaged stream-wise velocity in the uniform layer (z ≥ H v ) as 191 U o , the local friction velocity U * can be calculated from Eq. 12.
In this study, we use laboratory measurement to examine the validity of Eq.13 and to 194 look for connections between H v and the characteristics of the model canopy. In addition, 195 we evaluate the relationship between the local estimate of U * , denoted in Eq.13, and the of the two beams of the LDV were 514.5 and 488nm, and the focal length was 399mm.
209
For the majority of positions the sampling frequency was 125Hz, but close to the bed 210 the sampling frequency dropped as low as 5Hz. At this frequency, the mean velocity was 211 still reliably measured, but not the Reynolds stress. In these cases the near bed Reynolds the vegetative drag calculated with Eq. 5 using drag coefficients C D estimated from a previous study by Tanino and Nepf [2008] . Because the total stress is dominated by vegetation drag, the total stress normalized by the bed shear stress, ρ U 2 * , is much larger than 1 at the bed. Figure 11 . Estimates of bed shear stress normalized by the total stress, √ gHs. Note that vegetative drag also contributes to the total stress, so that the normalized bed shear stress has an average value less than 1. The color map and color bar is adapted from Fig. 4 of [Salvador et al., 2007] . In their simulation, the flow is from left to right through a staggered array of cylinders with ds (defined in Fig. 1 Case1.1 0.047 0.0032 ± 0.0001 0.0029 ± 0.0001 0.0030 ± 0.0001 25 ± 4 Case1.2 0.091 0.0057 ± 0.0002 0.0052 ± 0.0003 0.0060 ± 0.0005 19 ± 4 Case1.3 0.036 0.0023 ± 0.0001 0.0023 ± 0.0002 0.0024 ± 0.0003 23 ± 6 Case1.4 0.088 0.0054 ± 0.0002 0.0048 ± 0.0002 0.0056 ± 0.0004 20 ± 3 b U * estimated from three different methods agree within uncertainty. The non-dimensional linear-stress layer height H v+ = 22 ± 3 for the bare channel cases we studied.
